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Hyphenation of sorbent extraction and solid-matrix time-resolved luminescence (TRL) was demon-
strated using tetracycline (TC) in milk as a model analyte. The performance of a C18-impregnated
silica layer was evaluated as both an extraction sorbent and a TRL substrate. To extract TC, a 10 x
6 mm glass-backed C18 layer was dipped into a 10 mL milk sample for 10 min followed by a 3-min
water immersion for cleanup. The sorbent was then spotted with a TRL reagent solution at pH 9 that
contained 5 mM europium nitrate and 5 mM EDTA. After a brief desiccation period, TRL was measured
directly on the sorbent surface with a commercial fluorescence spectrophotometer. By eliminating
the need to elute the analyte from the sorbent, organic solvent was not needed and sample preparation
was greatly simplified. The integrated signal showed a linear dependence (R?> = 0.9938) on TC
concentration in the 0—3000 ug/L range. The same protocol was applicable to screening TC in fat-
free, 2% low-fat, and whole milk at 300 ug/L, the US. regulatory tolerance level set by the Food and
Drug Administration (FDA). This easy, fast, and low-cost screening method is friendly to the
environment and particularly suitable for liquid samples.
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INTRODUCTION (5). Use of Whatman 1PS paper as both an extraction medium

For trace analysis in complex matrices, more effort and time and a SSRTP substrate was first reported for trace analysis of
are typically needed for sample preparation than for detection. §everal nonpolar water pol!utanﬁx):(Rfecently, sucrose-.treated
Preparation procedures entail analyte extraction, cleanup, andilt€r Paper was used as solid-matrix time-resolved luminescence
usually enrichment to match the sensitivity of the analytical (SMTRL) substrate in anesthetic analysiy. Enrichment was
instrument. This multistep process often leads to higher material N0t attempted on this fragile medium. In other studies, cation-
costs, time, and labor, as well as lower analyte recoveries, andéxchange resinsf and terbium-loaded silica gedfwere used
poses an obstacle to productivity especially for laboratories thataS the TRL substrate in a flow injection analysis (FIA)
perform routine analysis. In a continuous effort to better integrate OPtosensor and an HPLC detector, respectively. In a flowing
sample preparation into the overall analytical scheme, several€nvironment, sorbent selection was focused on lanthanide
analytical spectroscopic techniques have been done directly onretention rather than analyte enrichment. Silica-based C18 is
sorbent or substrate surfaces. lon-exchange rd3iar{d C18  widely used in chromatography and solid-phase extraction (SPE)
(2) were used both for extraction-enrichment and direct absorp- for nonpolar and moderately polar species such as tetracyclines
tiometry in liquid phase. For solid-surface room-temperature (10). Based on our earlier study ), this sorbent was chosen
phosphorescence (SSRTP), filter paf®rand cellulose4) are to demonstrate the concept of sorbent extraction-SMTRL
the most widely used substrate so far. Silica provided a wider hyphenation and a dramatically simplified sample preparation
dynamic range and a lower background for certain applications protocol. TC in milk was chosen as a model analyte due to this
drug’s veterinary and environmental significand®)( and its

* Author to whom correspondence should be addressed [telephone (215)excellent TRL behaviorl(3).

23?'&@%5(;:?{ (215) 233-6642; e-mail gchen@errc.ars.usda.gov]. For over half a century, TG5gure 1) has been an effective

*CCSE. yet inexpensive broad-spectrum antibiotic routinely used to
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Figure 1. Molecular structure of tetracycline.

prevent and control bacterial diseases in animals. Its widespreac
veterinary use may lead to residues in foods of animal origin,
contributing to allergic reactions in sensitive individuals and to
the emergence of drug-resistant microorganisié). (The
concern of this impact on human health has led regulatory bodies
worldwide to set maximum residue levels in milk and other (B)
foods of animal origin. In the U.S., the Food and Drug
Administration (FDA) set the tolerance of TC residues in milk
at 300ug/L. A large quantity of milk is consumed worldwide,
posing tremendous tasks to regulatory laboratories. Microbial §
inhibition (15) is an inexpensive method for screening, but is
nonspecific and relatively slow due to the incubation step.
Competitive receptor assay (CHARM II), with its improved
sensitivity, selectivity, and throughput, has gained popularity
in screening 16). Its disadvantages, however, include use of
radioactive isotopes and the requirement to deliver and store
CHARM Kkits at subfreezing temperature. For TC quantitation,
high-performance liquid chromatography (HPLC) is by far the
most widely used technique using U¥7), fluorescencel@),
or mass spectrometricdd9) detectors. Other methods include
thin-layer chromatography (TLC20), ion chromatography2(),
and capillary electrophoresi®?). These methods generally
involve elaborate sample preparation to extract TC from bio- (C)
matrices, to isolate them from interferences, and to avoid column
contamination.

Since 1983, the europium-sensitized TRL technique has been
applied to trace TC analysidd). TC readily forms a chelate
with europium ion. Under mild alkaline conditions, TC strongly
absorbs at 388 nm and transfers the excitation energy to
europium(lll) ion that fluoresces. Sensitivity is enhanced by the
efficient intrachelate energy transfer and the narrow atomic
emission. In addition, a very large Stokes shift (300 nm)
and an exceptionally long excited-state lifetime (ms time scale)
allow effective spectroscopic and temporal distinction of the
TRL signal from interfering short-lived fluorescence (ns time
scale). Consequently, thorough separation and cleanup might
not be needed, leading to improved productivity. TRL methods
have been successfully developed for analysis of TCs in a variety
of biological matrices, for example, serum and uri@8g, 24),
milk (25, 26), chicken breast27), and catfish fillet 28). With
a small C18 layer that functioned first as an extraction/cleanup
sorben_t and then as a TRL substrate, we have _S|mpI|f|ed Figure 2. (A) Glass-backed C18 sorbent strips. (B) Sorbent strip holder.
extraction, enrichment, and cleanup to two immersion steps (c) Five-clip sorbent strip hanger.
using TC in milk as a model analyte.

(hydroxymethyl)aminomethane (TRIS) pH 9.0 buffer. Vitamin A and
D fortified skim milk, 2% low-fat milk, and whole milk were purchased
from local food stores and were refrigerated #Ctbefore use.
Reagents and SolutionsThe glass-backed, reversed phase C18- C18 Sorbent Strip Preparation. The C18 TLC plates were first
impregnated silica plates (Z26547-0) were manufactured by Analtech cut into 25x 8 mm strips with a glass cutter. The central portion of
(Newark, DE) and purchased from Sigma-Aldrich (Milwaukee, WI). the C18 layer was carefully trimmed with a razor blade to ax16
All chemicals and solvents were of analytical reagent grade and were mm rectangle with its sides parallel to those of the glass dfigufe
purchased from the same source. Deionized water prepared with a2A). To better control the final dimensions, the strips were placed on
Barnstead (Dubuque, 1A) E-pure system was used to prepare all aqueous piece of mm-grid graph paper under a circular fluorescent light with
solutions. The TC stock solution (2@@/mL) was prepared in methanol  a central magnifying glass. To avoid fingerprints, gloves were worn
and refrigerated at 4C. The TRL reagent solution waa 5 mM Na- throughout these operations. The cut strips were immediately stored in
EDTA-5 mM europium nitrate mixture prepared in 0.1 M tris- a desiccator to minimize adsorption of contaminants and moisture;

MATERIALS AND METHODS



Hyphenation of Sorbent Extraction and Solid-Matrix TRL

thorough desiccation was required before use. C18 layers were

examined visually, and those with defects were discarded.
Instrumentation. Solid-matrix TRL (SMTRL) was measured with

a commercial fluorescence spectrophotometer (model Cary Eclipse,

Varian, Walnut Creek, CA) equipped with a xenon flashlamp. The

operation and signal processing were controlled by Cary Eclipse

Lifetime software. A strip holder, shown fRigure 2B, was modified

from the original cuvette holder. The vertical mounting plate was made

of dual layers of 0.5 mm galvanized sheets in which ax16 mm (v

x h) rectangular opening was cut. The vertical and horizontal positions

of the opening were adjusted to fully intercept the ca 3 mm (w x

h) excitation beam and to maximize the luminescence intensity. The

angle between the mounting plate and the excitation beam axis WaSEigure 3, SEM image of the C18 sorbent layer.

adjusted to 30 for optimal results. To minimize scattered light, the
front surface of the mounting plate was painted flat black. The glass
strip was mounted against the back of the holder plate using two binder
clips (Figure 2B), allowing the sorbent layer to be exposed to the
excitation beam.

Extraction of TC from Milk and Cleanup. Aliquots of milk (10.0
mL) were pipetted into 50 mL screw-capped polypropylene centrifuge
tubes with conical bottoms, and fortified to the desired levels by adding
the appropriate amount of TC standard solutions followed by 15 s vortex
mixing. Next, 500uL of 0.1 M N&EDTA was added followed by
another 15 s vortex mixing. The cut C18 strips were removed from
the desiccator and immediately immersed into the milk samples using
a hanger FEigure 2C) designed to avoid sorbent damage caused by
tweezers due to the limited visibility in milk. After 10 min, the strips
were immersed in deionized water for 3 min. Excess water was then
removed by allowing the glass edges in contact with a paper wiper.
The sorbent layer was spotted immediately withul5 of the TRL

reagent solution. Because wettability was adversely affected by surface
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C18 Sorbent Extraction. TC has multiple proton-donating
groups, so it has the propensity to chelate multivalent cations
in biological matrices. The first step to extract TC is therefore
to release TC from multivalent matrix cations using chelating
agents such as EDTA, citrate, or succin&®.(For this purpose,
0.5 mL of 0.1 M NaEDTA was added to 10 mL of milk before
extraction. In this study, extraction was performed in a static
medium for its simplicity. The ultimate goal of sorbent
extraction is to reach equilibrium between two phases. The
distribution constantkcs, is defined as33):

Kes = S/Cq (1)

whereS; is the concentration of adsorbed analyte on the surface
of extraction phase (sorbent), ady is analyte concentration

dryness, delay in this step may lead to uneven reagent distribution overin the solution phase. If the volume of the extraction phase

the sorbent surface and cause TRL signal fluctuations. This is a major

source of signal fluctuation and therefore must be avoided.
Time-Resolved Luminescencelhe sorbent strips were allowed to

dry in a 30x 30 x 28 cm h x w x d) stainless steel desiccator at

room temperature. Its glass door and side panels were covered with

aluminum foil to shield the room light that might cause photodecom-
position of the analyte29). Thorough drying was achieved in 30 min
with fresh desiccant (calcium sulfate). The strip was then mounted on

the holder, and the TRL signal was measured at room temperature.

Unlike SSRTP 80), it was unnecessary to exclude oxygen from the

(sorbent), Ve, is small relative to the sample volume, the
extracted analyte causes negligible depletion in the sample. The
amount of analyten, in the sorbent phase under equilibrium
conditions becomes:

n=K_ V._C

es "eTs

()

whereK¢$ determines selectivity, ane$ and Ve determine
sensitivity. The principal objective in selecting a sorbent and

sample chamber. The excitation and emission wavelengths were set agXtraction conditions (e.g., pH) is to maximikgs’. In eq 2,n

388 and 615 nm, respectively, and both excitation and emission slit
widths were set at 20 nm. The delay time was set atd0and the
signals were integrated over a-6800us time interval. Averaging was
done over 10 flash cycles per run to improve the signal-to-noise ratio
(S/N). Data were collected in triplicate using three strips per sample.

RESULTS AND DISCUSSION
Sorbent Selection. In our previous work 11), C18-

is proportional tove; the TRL from the sorbent surface depends,
however, on the surface concentrati®, So a small sorbent
format (10 x 6 mm) was chosen to fully intercept the entire
excitation beam and yet be convenient to handle. It was found
that milk volume had little effect on signal intensitizigure

4A) when agitation was not provided; obviously, equilibrium
was not reached due to inefficient diffusion in a still, viscous
medium. The 10 mL milk volume was chosen to fully cover

impregnated silica performed the best among the tested materiathe small sorbent layer. The dependence of the TRL signal on
both as a sorbent and as a TRL substrate. Among other factorsextraction time is shown irFigure 4B. The TRL signal
the octadecylsilane component was necessary for TC extractionincreased faster at the beginning and gradually slowed as

(20). As shown in the scanning electronic microscope (SEM)
image Figure 3), the C18 layer used in this study had a
reasonably uniform particle distribution (ca. ). Its porosity,
layer thickness (ca. 266220um), and pore capacity (ca..B

for a 10 x 6 mm membrane) were appropriate for reagent
treatment. The gL reagent volume, similar to the pore capacity
of the coating, was selected to ensure a uniform reagent
distribution across the sorbent surface. In comparison to filter

expected; yet the equilibrium was not reached in 30 min. In

practice, a 10-min extraction was considered both sufficient and
convenient. At lower concentrations, a longer extraction might

be needed at the cost of throughput. Agitation facilitates mass
transport kinetics; however, method reproducibility might be

adversely affected by introduction of more operation parameters,
so it was therefore not implemented in this study.

TC Cleanup. TC forms conjugates with proteins resulting

paper, the excellent mechanical strength of the glass-backedn lower recovery in biomatrices with high protein content (e.g.,
sorbent layer allows convenient and reproducible mounting for 17% in milk). Acids are commonly used to denature proteins.
the TRL measurement and prolonged agitation in solutions with Hydrochloric acid, trichloroacetic acid (TCA), pH 4 Mcllvaine
pH as low as 1.531). No chemical damage was observed on buffer, and pH 4 succinate buffer were evaluated for this
the surface after a 24-hr extraction phase under neutral pH, orpurpose. Unfortunately, all resulted in lower TRL signals,
after a 30-min extraction phase at pH 1.5. The C18 sorbent wasprobably due to a combination of TC entrapment by the protein
not preconditioned before immersion. precipitates, TC decomposition at lower p82), and damage
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Table 1. Relative TC Extraction Efficiency from Fortified Milk

‘ * § concentration relative extraction

milk (uglL) efficiency (%) RSD (%)

n
skim 300 3 63.0 10
2% 300 3 65.2 5
whole 300 3 65.9 14

sorbent strips in DI water for 3 min, allowing the release of
polar species to the water including proteins accumulated on
the surface.
—— Whole milk contains ca. 3.25% of fat that might interfere
0 5 10 15 20 25 30 35 40 45 with subsequent separation and fluorimetry. Free fatty acids are
Volume (mL) known to interfere with microbial screening@). Defatting with
sodium dodecyl sulfonate and hexaregher was attempted, and
(B) no improvement was observed. Fortunately, in practice, this
method was immune to fat interference. Without defatting, the
signals of fortified 2% and whole milk were only 2.1% and
5.7% higher than that of the skim milkigure 4C), well within
the 8.99% RSD. The 63:865.9% relative extraction efficiency,
defined as the ratio of the signal in milk to the signal in water
at identical TC concentrations, was obtained for three grades
of milk (Table 1). Once again, they are most likely statistically
the same, indicating insignificant fat interference. C18 as a
relatively nonselective reversed-phase sorbent is expected to
adsorb a large number of compounds from milk, a highly
‘ ‘ ‘ ! complex bio-matrix; therefore, thorough cleanup could not be
0 § 10 15 20 25 30 35 expected from this simple cleanup approach. It worked only
Extraction Time (min) for highly selective detection techniques such as TRL. Unlike
expensive GC and HPLC columns, the fluorometer itself is
immune to matrix contamination that impacts only the low-
cost disposable C18 strips. Without the need to use and dispose
of any of the deproteination and defatting agents mentioned
above, this method provides a low-cost and friendly alternative.
Solid-Matrix Time-Resolved Luminescence.TC (Figure
1) has four dissociation constantsKg = 3.30, Ka2 = 7.68,
pKaz= 9.69, and Kas= 10.7) 7). At pH 7.7-9.7, dissociation
occurs on the BCD-ring hydroxyl groupgtigure 1); the
resulting 5-diketone readily forms a 1:1 chelate with Eu(lll).
TC strongly absorbs at 388 nm, and the excitation energy is
transferred to Eu(lll) 38). Selectivity is enhanced because only
. certain functionalities have triplet state energies that match those
S(skim) T(2%) W(whole) of excited-state Eu(lll). Among the narrow atomic lines, the
Milk Grade (Fat Content) dominant 615 nm peak emanates from the lowest excited level
(°Do to 7F). In comparison to intermolecular energy transfer
Figure 4. (A) Integrated TRL intensity versus sample volume. 2% low- that forms the basis of SSRTBQ), intrachelate energy transfer
fat milk fortified at 300 ug/L. (B) Integrated TRL intensity versus immersion is more efficient and immune to oxygen quenching, so TRL
time. 2% low-fat milk fortified at 300 ug/L. (C) Integrated TRL intensity can be measured in the air at room temperature. In the agqueous
versus milk grades. The height and error bars are the average from seven phase, quenching occurs when water molecules fill the Eu(lIl)
brands and +SD before (left) and after (right) fortification at 300 ug/L. coordination sites; therefore, a surfactant and a synergistic co-
ligand, for example, EDTA or trioctylphosphine oxide, are
needed to shield water molecules from Eu(lll). This problem
is greatly alleviated in solid matrix where no water is present
(7, 39). As a result, no surfactant was needed and EDTA was
used not as a synergistic agent here but to solubilize Eu(lll)
under basic pH. TRIS has &p= 8.3; pH 9 was at the basic
. ; . . end of its range. However, the prior water immersion step had
|mprove.TC retention on a.C.18_ cartridge by decreasing solvgnt released soluble species, and what was left on the C18 layer
eluotropic strength. To minimize TC entrapment by protein a5 insoluble and nonpolar, being such they would not affect
precipitates, the deproteination agent must be added dropwiseine acid-base balance as much as untreated milk matrix.
further restraining the throughput. Several of these approachesthorough sorbent desiccation is the slowest step in the method;
were evaluated, and all yielded recoveries inferior to that of however, it is critical to the method’s sensitivity and reproduc-
conventional SPE3Q). SPE typically includes three steps: ibility. Ventilation can be applied to speed it up using a blower
sorbent extraction, washing, and elution. In this study, following or a ventilation chamber at room temperature. Elevated tem-
sorbent extraction, washing was replaced by immersing the perature should be avoided because it causes TC 4@s (

Integrated TRL Intensity

Integrated TRL Intensity

—_

C)

Integrated TRL Intensity

of C18 sorbent at pH below 1.81). Alternatively, protein can
be denatured with organic solvents such as acetonit84g (
However, by this approach, TC was diluted to a great extent
first by acetonitrile, and then by water that must be added to
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Figure 5. (A) Integrated TRL intensity of 18 milk samples (6 brands x 3 grades; S, skim; T, 2%; W, whole) before and after TC fortification at 300 xg/L.
Each dot and error bar represent the mean and +SD of three replicates. (B) Integrated TRL intensity of 36 milk blind samples (2 samples % 3 grades
x 6 brands) randomly fortified in the 0-600 ug/L range and three samples fortified at 0, 300, and 600 ug/L.

A major drawback of SMTRL was the higher background standard deviations] for these two groups. Two sources, milk
signal that was observed from the C18 layer spotted only with and the sorbent, contributed to the blank signal that, equivalent
the TRL reagent solution. It had an intense eansbQ us) to 55 ug/L, was relatively high but consistent with a RSD of
component and a weaker delayedbQ us) component. Notonly ~ 8.37%. The limit of detection (LOD), obtained by dividing 3
did the solid C18 surface cause intense scattering, but someby the slope of the calibration curve, wasAgL. For fortified
surface impurities also produced delayed background lumines-samples, the RSD was 8.99%. Because these two groups of data
cence. Because the C18 plate used in this study was intendedvere well separated, screening is possible based on a threshold
for TLC applications, and the quality of these C18 TLC plates value drawn in between. Statistically for any random population,
is known to vary significantly from manufacturer to manufac- the odds to be outside ther3imits fall to 0.13% on each side
turer and from batch to batch, screening of C18 sorbent prior of the normal curve. If we choose the valuexafo — 30300 as
to use is recommended for better performance. Judiciousthe screening threshold, we can screen milk for TC residue

selection of the integration interval in this study {6800 us) violation at a 0.13% false negative rate. The results are shown
allowed the early components to be excluded from the integratedin Figure 5B for 36 blind milk samples, each fortified at a
signal. randomly selected level in the range 6f®00ug/L, plus three

Milk Screening. The calibration curve reveals a linear samples fortified at 0, 300, and 6Q@/L. Overall, the data points
relationship RZ2 = 0.9938) between the TRL signal and TC form a line withR2 = 0.9701. Out of 39 samples, there were 0
concentration in whole milk up to 300@g/L. The integrated false negative and 1 false positive. This result is expected for a
TRL intensities of 18 milk samples, six brands with three grades screening threshold setxbo — 30300 Ideally, a high-throughput
each, are shown ifrigure 5A. The data points at the bottom screening method is intended to apply to a large number of
are the blank matrix TRL intensities, whereas the data points samples with a paramount objective to catch potentially violative
at the top are TRL intensities from the same milk fortified with samples and subject them to more elaborate, quantitative
TC at 300ug/L. Statistical treatment yielded the meaRrsgnd methods such as HPLCIT) or LC-MS. To be useful as a
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screening method, the false negative rate should be as low as (9) Wenzel, T. J.; Evertsen, R.; Perrins, B. E.; Light, T. B, Jr.; Bean,
possible. When the threshold is pushed downward, the theoreti- A. C. Solid-phase lanthanide luminescence determination in
cal false negative rate decreases below 0.13%, whereas the false  liquid chromatographyAnal. Chem1998 70, 2085-2091.
positive rate increases. On the other hand, if a higher threshold (10) Oka, H.; Matsumoto, H.; Uno, K. Improvement of chemical
is chosen, the false negative rate increases while the false 2223’5; fc:)fr taremetljl’llc;tll)(l:ssis\glflIt'etl’Aanli)ll(ll(l:iitelorr;Sicgug;?r?i:l:’ll?;dallfver
positive rate d_ecreases. In practice, the majority of mll_k_ samples 3. Chromatogr1985 325 265-274,

are nonviolative 42), so the number of false positives is

; (11) Liu, L.-S.; Chen, G. A single sorbent for tetracycline enrichment
expe(?ted to _be very lOW: A screening threshold setsgf — and following solid-matrix time-resolved luminescenéaal.
30300 is considered practical.

. . . Chim. Acta2004 submitted.
Conclusions. The hyphenation of sorbent extraction and (12) Capone, D. G.; Weston, D. P.; Miller, V.. Shoemaker, C.

SMTRL was demonstrated as an effective semiquantitative Antibacterial residues in marine sediments and invertebrates
approach. Because extraction, enrichment, and cleanup can all following chemotherapy in aquaculturéquaculture1996 145

be carried out directly on a small-format sorbent layer, sample 55-75.

preparation is greatly simplified and organic solvents are not (13) Hirschy, L. M.; Dose, E. V.; Winefordner, J. D. Lanthanide-
needed. C18 was proven to be a suitable sorbent and TRL sensitized luminescence for the detection of tetracycliAgal.
substrate, and europium-sensitized TRL provided adequate Chim. Actal983 147, 311-316. _

sensitivity and selectivity. In comparison, the simplicity of this ~ (14) Smith, D. L.; Harris, A. D.; Johnson, J. A.; Silbergeld, E. K.;
method provides the throughput needed for screening, whereas ~ Moris. J. G., Jr. Animal antibiotic use has an early but important
the AOAC International Official Analytical Method for TC in gfnarﬁgﬁgaltzchggggzcigl Té:)éotg:drealssta;]gc;ozln gguman
milk, based on metal chelate affinity chromatography cleanup B ' T '

. o 9434-9439.
and HPLC ¢1), is the method for quantitation. (15) Nouws, J.; Van Egmond, H.; Smulders, I.; Loeffen, G.; Schouten,

J.; Stegeman, H. A microbiological assay system for assessment
of raw milk exceeding EU maximum residue levelist. Dairy
J. 1999 9, 85-90.

(16) Moats, W. A.; Anderson, K. L.; Rushing, J. E.; Wesen, D. P.
Comparison of a radioimmunoassay (Charm 1) test with high-
performance liquid chromatography for detection of oxytetra-

ABBREVIATIONS USED

EDTA, ethylenediaminetetraacetic acid; FDA, Food and Drug
Administration; FIA, flow injection analysis; GC, gas chroma-
tography; HPLC, high-performance liquid chromatography;
LOD, limit of d_et?Ct'on; MS, mass spectr_or_netry; RSD, re'a“‘(e cycline residues in milk samples from lactating catéen. J.
standard deviation; SD, standard deviation; SEM, scanning Vet. Res1995 56, 795-800.
electronic microscopy; SMTRL, solid-matrix time-resolve Iu-  (17) Cinguina, A. L.; Longo, F.; Anastasi, G.; Giannetti, L.; Cozzani,
minescence; S/N, Signal-to-nOise ratio; SPE, solid-phase extrac- R. Validation of a high-performance liquid chromatography
tion; SSRTP, solid surface room-temperature phosphorescence; method for the determination of oxytetracycline, tetracycline,
TC, tetracycline; TCA, trichloroacetic acid; TLC, thin-layer chlortetracycline and doxycycline in bovine milk and muscle.
chromatography; TRIS, tris(hydroxymethyl)aminomethane; TRL, J. Chromatogr., A2003 987, 227-233.
time-resolve luminescence: UV, ultraviolet. (18) Croubels, S.; Baeyens, W.; Van Peteghem, C. Post-column
zirconium chelation and fluorescence detection for the liquid
chromatographic determination of tetracyclingsal. Chim. Acta
1995 303 11-16.

We thank Steven J. Lehotay for technical insight and helpful (19) Carson, M. S.; Ngoh, M. A.; Hadley, S. W. Confirmation of

discussion, and Peter Cooke for help with electronic microscopy. multiple tetracycline residues in milk and oxytetracycline in
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etry. J. Chromatogr., B199§ 712 113-128.
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